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Abstract 
In the present work, 3D flowerlike CuS nanostructures were synthesized via a facile hydrothermal process using 
Cu2O hollow microspheres as templates. Reaction of Cu2O hollow microspheres with thioacetamide at 40 oC for 2 h 
followed by hydrothermal treatment at 120 oC for 12 h resulted in high yield of 3D flowerlike structure with 
diameters ranging from 200 to 300 nm. The Influence of experimental parameters on the morphology of the CuS 
nanostructures was investigated in detail. Different stages of the formation process were studied and thus the 
formation mechanism of the 3D flowerlike CuS nanostructures was presented.  
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1. Introduction 
3D flowerlike nanostructures have attracted much attention because of their unique properties and 
potential applications in water treatment, CO removal, and electrochemical activity [1-3]. The simplest 
synthetic route to 3D nanostructures was self-assembly, in which ordered aggregates were formed in a 
spontaneous process [4]. Liang et al. synthesized 3D flowerlike iron oxide nanostructures [1] and Ceria 
micro/nanocomposite structure [2] by a self-assembly process, and these nanomaterials were used as 
absorbent to remove various water pollutants. Xie et al. successfully synthesized novel Àowerlike VO2 
micro-nanostructures assembled by single-crystalline nanosheets via a hydrothermal route using polymer 
polyvinyl pyrrolidone (PVP-K30) as capping reagent [5]. Novel Àowerlike BaMoO4 nanostructures were 
successfully synthesized via a simple hydrothermal route [6]. Of all these methods, the main synthesis 
method of 3D flowerlike micro/nanomaterials is a so-called two-stage growth process, which involves a 
fast nucleation of amorphous primary particles followed by a slow aggregation and crystallization of 
primary particles [1-3]. However, up to now, there are no reports on the synthesis of monodispersive 3D 
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flowerlike CuS nanostructures transformed from hollow spheres. Herein, we report a novel hydrothermal 
synthesis of monodispersive 3D flowerlike CuS nanostructures transformed from CuS hollow spheres in 
the presence of PVP. The influence of PVP in the reaction has also been investigated in detail. 
2. Experimental section 
2.1. Preparation of Cu2O Sacrificial Templates  
As a typical synthesis process, 25 ml of 0.05 M CuSO4 solution and 1.0 g of PVP-K90 were added into 
a conical flask under magnetic stirring at room temperature. The mixture was stirred until it became 
homogeneous. And then, 25 ml NaOH solution with pH value of 10 was added in the above mixture. At 
the same time, the mixture was heated to 30 oC and 2.5 ml of 1.0 M N2H4·H2O solution was added. 
Orange suspension precursors of Cu2O were obtained by a treatment at 30 oC for 10 min. 
2.2. Preparation of 3D Flowerlike CuS Nanostructures  
For the synthesis of 3D flowerlike CuS nanostructures, 0.5 g thioacetamide was added into the above 
suspension at 40 oC. After a further reaction under magnetic stirring at 40 oC for 2 h, the mixture was 
transferred into an autoclave with Teflon liner and kept at 120 oC for 12 h and then cooled to room 
temperature naturally. The resulted black products were collected by centrifugation at 4000 rpm for 5 min, 
and then washed with distilled water and ethanol several times, followed by drying under vacuum at 60 
oC. 
2.3. Characterization of 3D Flowerlike CuS Nanostructures  
The crystal structures of the resulting products were determined by powder X-ray diffraction (Rigaku 
D-max-ȖA XRD with Cu KĮ radiation, scan step= 0.02°). The morphologies and sizes of the products 
were characterized by transmission electron microscopy (TEM, JEM-2000EX) and scanning electron 
microscope (SEM, FESEM-6700). 
3. Results and discussion 
3.1. Morphology and phase purity analysis Characterization of typical sample 
Figure 1a shows the XRD pattern of the as-prepared CuS samples. All the sharp and strong diffraction 
peaks can be readily indexed to the hexagonal phase of CuS (JCPDS No.06-0464). As can be seen, no 
peaks of any other phases or impurities were detected. The morphologies of the products were studied by 
the TEM. Figure 1b shows typical TEM image of 3D flowerlike CuS nanostructures. It can be seen that 
the obtained products are exclusively consisted of 3D flowerlike structure with diameters ranging from 
200 to 300 nm. The yield of products with 3D flowerlike structure is almost 100%. As shown in Figure 1c, 
the SAED pattern of a single 3D flowerlike structure exhibits clear rings ascribed to the CuS crystal 
structures, indicating the polycrystalline nature of the 3D flowerlike CuS nanostructures. Further 
information about the CuS products could be obtained from the SEM image (Fig. 1d). The CuS flowerlike 
structures are nearly single dispersed and built from nanosheets which connected with each other by self-
assembly. The obvious contrast shows that void spaces exist in the 3D structures (Fig. 1b), where the 
lighter parts correspond to the porosity, which can also be observed in the magnified SEM image (Fig. 
1d). 
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Fig. 1. (a) XRD pattern, (b) TEM image, (c) SAED image and (d) SEM image of the 3D flowerlike structures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. (a) XRD pattern of the sacrificial template; (b) SEM image of the as-synthesized Cu2O sacrificial template; SEM images of 
two individual spheres (c) with and (d) without broken shell; (e) TEM image of the as-synthesized spherical aggregates. 
Figure 2a shows XRD pattern of the as-prepared templates, in which the diffraction peaks can be 
indexed to cubic Cu2O (JCPDS No.05-0667). The overall morphologies of the Cu2O sacrificial templates 
are spherical aggregates (Fig. 2b). It can be seen that the surface of the spheres is comparatively rough 
(Fig. 2c, d). Both the surface and the inner of the spheres are composed of much smaller nanoparticles. As 
can be seen from the TEM image (Fig. 2e), the products contain solid spheres and core-shell structures. 
The in situ formed Cu2O spherical aggregates can be used as sacrificial templates for the synthesis of CuS 
sphere structures by directly adding thioacetamide to the solution at 40 oC. The morphology of the 
product was investigated by SEM with typical image of the sample shown in Fig 3a. The microspheres 
became more regular, and the number of loose aggregates reduced significantly. However, the internal 
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structures of these microspheres are still diversified (Fig. 3b), including core-shell structures, solid 
spheres and loose aggregates. Contrastively, the CuS sphere structures are slightly larger than the Cu2O 
sacrificial template, and have wider size distribution (300-800 nm). These differences may attribute to the 
formation mechanism of these sphere structures [7]. However, the XRD pattern of the as-prepared 
spheres suggests that they are poorly crystallized or basically amorphous (Fig. 4a). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. SEM (a) and TEM (b) images of Cu2O sacrificial template; SEM and TEM images of the synthesized CuS intermediates with 
different hydrothermal times: (c) and (d), 2 h; (e) and (f), 4 h; (g) and (h), 6h; (i) and (j), 8 h. 
29 Daxiong Wu et al. /  Procedia Engineering  36 ( 2012 )  25 – 33 
Subsequently, a hydrothermal treatment of the reaction solution containing CuS spheres was carried 
out to prepare 3D flowerlike CuS structures. To investigate the formation process of 3D flowerlike CuS 
nanostructures, the time-dependent experiments were carried out. The size and morphology of the 
products prepared at 120 oC for 2, 4, 6, 8 h were characterized by SEM and TEM, respectively. After 2 h 
of hydrothermal treatment, as shown in Fig. 3 c, the sample was composed of spheres and aggregates of 
nanoparticle. The obtained spheres were with a diameter of about 300 nm. Interestingly, some spheres 
display broken sites. The high-magnification SEM image (Fig. 3d) reveals that the spheres are composed 
of numerous nanoparticles with a size of about 20 nm, but the spheres are relatively compact. When the 
hydrothermal time is 4 h, the main morphology of the products are also spheres with diameter ranging 
from 400 to 600 nm (Fig. 3e and 4f), which are larger than that prepared at 120 oC for 2 h. Moreover, 
some smaller spheres tend to form large aggregates. A careful observation of the Figure 3f reveals that the 
spheres consist of a large number of relatively larger nanoparticles, which roughens the surface of spheres 
greatly. More importantly, the nanoparticles of the spheres are relatively loose and they seem to be 
separated from the spheres. Further increasing the reaction time to 6 h, the main morphology of the 
products are spherical aggregates with a diameter of about 200 nm in Figure 3g and 3h. It is clear to see 
that the nanoparticles composed of the aggregates (Fig. 3h) grew wider and longer than those 
nanoparticles appeared in Fig. 3f. There are only a few spheres survived, with diameters in the range of 
400-500 nm. It clearly indicates that the morphology evolution from spheres to aggregates occurs with 
prolonging reaction time. To explore the development of the spheres and aggregates, contrastive 
experiments with longer hydrothermal time were also carried out. After 8 h of hydrothermal treatment, no 
spheres remained and the main morphology of the products is 3D flowerlike nanostructure, whose 
diameters are similar to those final products (Fig. 3i, j). At the same time, the 3D nanostructure grew 
gradually and evolved to a Àowerlike structure in the process of Ostwald ripening growth. No other 
morphology remained and the samples are composed entirely of 3D Àowerlike nanostructure. 
Figure 4 shows the XRD patterns of the samples obtained from different reaction stages. The pattern of 
the precursor which prepared at 40 oC presents no obvious sharp peaks (Fig. 4a), characteristic of very 
poorly crystallized compound. However, the intensity of the peaks of the samples collected later at 120 oC 
was rather strong (Fig. 4b-e), which implied that the phase had gradually changed from amorphous to 
highly crystalline. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. XRD patterns of the products prepared at 40 oC for 2h (a) and 120 oC for (b) 2 h, (c) 4 h, (d) 6 h, (e) 12 h. 
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3.2. Influence of experimental parameters  
PVP has been successfully applied in the synthesis of a number of nanomaterials with different 
nanostructures [8-10]. It is well-known that PVP can selectively absorb on a certain crystal facet of the 
as-prepared primary building blocks such as nanoparticles, nanosheets, nanoplates, nanorods, and so on. 
Therefore, PVP can prevent these primary building blocks from entropy-driven random aggregation [11] 
and promote or tune self-assembly. In the present system, when PVP-K90 was introduced into the 
reaction system, flowerlike nanostructures could be obtained. However, the product obtained without the 
addition of the surfactants of PVP is aggregates of nanoparticles (Fig. 5). It can be reasonably assumed 
that the additions of the surfactants of PVP significant influence the morphology of the resultant 3D 
flowerlike CuS nanostructures. In this research, PVP might play two main roles in the process. One is at 
the formation process of Cu2O precursor, with the modification and steric effect of PVP molecules, Cu2O 
nanoparticles aggregate to form loose irregular aggregations [12-13]; the other is the PVP stabilizer may 
be adsorbed onto the surfaces of CuS nanosheets by coordinating with both nitrogen and oxygen atoms in 
the polar pyrrolidone groups. This may exhibit steric hindrance and prompt the formation of flowerlike 
architectures from individual nanosheets due to its cross-linking ability since PVP has a linear structure 
and multiple coordinating sites.  
 
 
 
 
 
 
 
 
 
 
Fig. 5. SEM image of the product obtained without PVP-K90 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. SEM images of as–synthesized CuS products with different hydrothermal temperatures: (a, b) 160 oC, (c, d) 180 oC. 
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Figure 6 shows the SEM images of the prepared CuS flowerlike nanostructures. It is found that 
hydrothermal temperature has an important influence on the morphology of the 3D flowerlike CuS 
structures. Under a hydrothermal condition at 160 oC for 12h, the flowerlike structures with diameter 
ranging from 300 to 400nm can be formed. When the hydrothermal temperature increases to 180 oC, the 
diameter of the obtained flowerlike structures is about 500nm. An interesting feature shown in Fig. 6 is 
that there are some dispersed plates, which is not assembled to flowerlike structures. The comparative 
experiments indicate that the appropriate hydrothermal temperature is important for the preparation of 3D 
flowerlike nanostructures. 
Apart from the hydrothermal temperature, the amount of reducing agent is also an important parameter 
for the morphology of the CuS products. In this work, hydrazine monohydrate (N2H4•H2O) was served as 
the reducing agent. SEM images of the products prepared at different N2H4•H2O amounts are shown in 
Fig. 7. When the amount of N2H4•H2O was 1.25ml, nanosheets packed flowerlike structure were obtained, 
which are similar to those mentioned 3D flowerlike nanostructures. When the amount of N2H4•H2O 
increased up to 5ml, the products consist of high yield CuS microspheres with diameters ranging from 0.8 
to 1.2 Pm, as shown in Fig. 7c. Figure 8d shows an individual CuS microsphere. It can be seen that the 
surface of the sphere is not smooth as the microsphere is composed of many smaller nanosheets. 
Depending on the above results, It could be concluded that the different morphologies of CuS 
nano/micro-structures could be obtained by altering N2H4•H2O amount. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. SEM images of as–synthesized CuS products prepared with different amounts of N2H4•H2O. (a, b) 1.25ml, (c, d) 5ml. 
 
 
 
 
 
 
 
 
 
Fig. 8. SEM images of CuS structures synthesized without transformation process at 40 oC. 
In addition, the temperature of transformation from Cu2O to CuS is another vital factor in the 
formation of the 3D flowerlike structures. In the preparation process of typical 3D flowerlike CuS 
nanostructures, the transformation temperature is 40 oC. In other words, using Cu2O precursor as 
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sacrificial templates, CuS spheres was synthesized by sulfidation reaction at 40 oC for 2 h. After being 
hydrothermally treated at 120 oC for 12h, the 3D flowerlike CuS nanostructures were obtained. However, 
the products would be different if there was no transformation process at 40 oC before hydrothermal 
treatment, as presented in Fig. 8. It was found that 3D flowerlike nanostructures cannot be obtained and 
the products include microspheres, plates, and sheets-packed spherical structures. 
3.3. Formation mechanism  
In this formation process, both the hydrothermal time and PVP were important controlling factors. In 
this experiment, the formation of 3D flowerlike CuS nanostructures was attributed to a so-called two-
stage growth process, which involves a fast nucleation of amorphous primary particles followed by a slow 
aggregation and crystallization of primary particles. The whole morphological evolution process is 
illustrated in Fig. 9. At the early stage (2h), CuS spheres were quickly synthesized via the chemical 
transformation of in situ formed spherical aggregates of Cu2O nanoparticles as sacrificial templates. Then, 
at a relatively high temperature and autogenerated vapor pressure, CuS hollow spheres, core-shell 
structures and spherical aggregates of nanoparticles were formed. As hydrothermal treatment time was 
prolonged (4h), the CuS spheres continued to grow at the expense of smaller crystals, finally forming the 
larger and loose spherical aggregates of CuS nanoparticles. The number of hollow spheres noticeably 
increased. The aggregation level of these spheres became more porous. In the following secondary 
growth stage, these hollow spheres were fractured into small aggregates. The fresh aggregates were 
unstable and tended to form larger CuS spherical nanostructures, driven by the minimization of interfacial 
energy [14]. At the same time, the spherical nanostructures grew gradually by combining with the smaller 
nanoparticles and evolved to a flowerlike assembly in the process of typical Ostwald ripening growth. At 
the end, no other morphologies remained and the samples were composed completely 3D flowerlike 
nanostructures. 
Collapsing process occurred while hollow spheres transformed to 3D flowerlike CuS nanostructures. 
The exact mechanism for collapsing process of the hollow spheres is still unclear. Many parameters might 
affect the collapsing process, such as crystal vibration, thermodynamic movement, and kinetic motion 
[15]. One theory suggests that the stability of hollow nanoparticles strongly depends on the wall thickness 
and the aspect ratio, de¿ned as the outer radius over the wall thickness [15]. The transformation 
undergoes a severe collapse for the half-stable system and unstable system, and the collapse depends on 
both the slip barrier and the kinetic energy of atoms. The collapse would happen as long as the kinetic 
energy is strong enough to confront the barrier to slip with the collapse propagation [15]. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9. Schematic illustration of the formation process for the 3D flowerlike CuS nanostructures. 
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4. Conclusions  
In summary, 3D flowerlike nanostructures have successfully fabricated by facile hydrothermal reaction 
used Cu2O hollow microspheres as templates and PVP as surfactant. These flowerlike nanostructures are 
evolved from spheres and nanoparticles. The reaction process of the products and the collapsing 
mechanism of the hollow spheres were proposed. PVP played a critical role in the synthesis of the 
resultant 3D flowerlike CuS nanostructures. Future work focused on detailed studies of the nature and 
potential application of the flowerlike nanostructures is on going. 
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